Investigations concerning the role of distribution system biofilms on water quality were conducted at a drinking water utility in New Jersey. The utility experienced long-term bacteriological problems in the distribution system, while treatment plant effluents were uniformly negative for coliform bacteria. Results of a monitoring program showed increased coliform levels as the water moved from the treatment plant through the distribution system. Increased coliform densities could not be accounted for by growth of the cells in the water column alone. Identification of coliform bacteria showed that species diversity increased as water flowed through the study area. All materials in the distribution system had high densities of heterotrophic plate count bacteria, while high levels of coliforms were detected only in iron tubercles. Coliform bacteria with the same biochemical profile were found both in distribution system biofilms and in the water column. Assimilable organic carbon determinations showed that carbon levels declined as water flowed through the study area. Maintenance of a 1.0-mg/liter free chlorine residual was insufficient to control coliform occurrences. Flushing and pigging the study area was not an effective control for coliform occurrences in that section. Because coliform bacteria growing in distribution system biofilms may mask the presence of indicator organisms resulting from a true breakdown of treatment barriers, the report recommends that efforts continue to find methods to control growth of coliform bacteria in pipeline biofilms.
Investigations concerning the role of distribution system biofilms on water quality were conducted at a drinking water utility in New Jersey. The utility experienced long-term bacteriological problems in the distribution system, while treatment plant effluents were uniformly negative for coliform bacteria. Results of a monitoring program showed increased coliform levels as the water moved from the treatment plant through the distribution system. Increased coliform densities could not be accounted for by growth of the cells in the water column alone. Identification of coliform bacteria showed that species diversity increased as water flowed through the study area. All materials in the distribution system had high densities of heterotrophic plate count bacteria, while high levels of coliforms were detected only in iron tubercles. Coliform bacteria with the same biochemical profile were found both in distribution system biofilms and in the water column. Assimilable organic carbon determinations showed that carbon levels declined as water flowed through the study area. Maintenance of a 1.0-mg/liter free chlorine residual was insufficient to control coliform occurrences. Flushing and pigging the study area was not an effective control for coliform occurrences in that section. Because coliform bacteria growing in distribution system biofilms may mask the presence of indicator organisms resulting from a true breakdown of treatment barriers, the report recommends that efforts continue to find methods to control growth of coliform bacteria in pipeline biofilms.
Ample microscopic evidence is available to show that most pipe surfaces in distribution systems are colonized by microorganisms. Allen et al. (1, 2) showed high populations of bacteria in main encrustations collected from water utilities throughout the United States. Diatoms, algae, and filamentous and rod-shaped bacteria were commonly encountered. In contrast, Ridgway and Olson (35) found that bacteria were sparsely distributed along pipe surfaces they examined. These sparse communities, however, showed a variety of morphologically distinguishable bacterial structures including rod-and chain-forming cocci and filamentous and prosthecate cell types. Some organisms were attached to pipe surfaces by extracellular fibrillar appendages. Helical stalks, characteristic of the iron bacterium Gallionella, were observed both in water samples and attached to pipe surfaces (35, 36) . Scanning electron microscopy showed that 17% of the 10-to 50-p.m-sized particles were colonized with 10 to 100 bacteria per particle (35) .
Culture examination of distribution system biofilms has demonstrated large variations in the number of heterotrophic plate count (HPC) bacteria. Olson (31) reported Acinetobacter densities on mortar-lined pipe surfaces as high as 109 bacteria per cm2. Tuovinen and Hsu (40) found viable counts ranging between 40 and 3.1 x 108 bacteria per g in tubercles collected from water distribution pipelines in Columbus, Ohio. Tubercles were found to contain several types of organisms including sulfate reducers, nitrate reducers, nitrate oxidizers, ammonia oxidizers, sulfur oxidizers, and various unidentified heterotrophic microorganisms (39, 40) . Nagy and Olson (28) reported that HPC densities associated with a variety of pipe surfaces ranged between 10 and 4.7 x 106 bacteria per 100 cm2. Arthrobacter spp. were the predominant organism (20% isolation rate) recovered from the pipe surface. Other bacterial genera associated with distribution system biofilms included Flavobacterium, Moraxella, Acinetobacter, Bacillus, Pseudomonas, Alc aligenes, and * Corresponding author.
Achromobacter. Yeasts were found to range from 0.0 to 5.6 x 104 cells per 100 cm2, while filamentous fungi ranged from 0.0 to 2.0 x 103 CFU/100 cm2 of pipe surface. Nagy and Olson (28) observed a correlation between the years in service of a pipeline and the bacterial density. They estimated that HPC bacterial levels increase 1 log for every 10 years of service. In a separate study of biofilms in the Los Angeles Aqueduct, Nagy et al. (27) observed HPC levels as high as 1.9 x 104 bacteria per cm2 in the presence of 1 to 2 mg of free chlorine residual per liter.
Despite the strong evidence of biofilms in distribution systems, little information is available concerning the occurrence of coliform bacteria at potable water interfaces. Seidler et al. (38) recovered Klebsiella spp. growing in slime layers on staves of redwood distribution storage tanks. These bacteria were responsible for coliform densities in private drinking water systems exceeding the federal guidelines by as much as 10-to 40-fold. Olson (31) time. Extensive monitoring at the treatment plant failed to recover significant levels of coliform bacteria. In addition to an already accelerated distribution system and treatment plant sample schedule, nearly 800 finished water samples were examined for injured coliforms by using m-T7 agar (17) . These samples were uniformly negative, suggesting that bacterial breakthrough was not occurring at the treatment plant. Remedial actions to control the coliform episode included increased chlorination (to 4.3 mg of free chlorine residual per liter), application of chlorine dioxide, discontinuation of powdered activated carbon, application of zinc orthophosphate (instead of polyphosphate) for corrosion control, systematic flushing of the distribution system, pH adjustment (from 7.0 to 9.4), improved coagulation and flocculation, cleaning of sedimentation basins, and increased filter performance, improved backwashing, and cleaning of filter media. Despite these extensive actions and outside consultation, no solution to the "coliform problem'" had been found.
The current project was initiated with a threefold objective: (i) to examine and characterize biofilms in the distribution system; (ii) to determine the impact of these biofilms on the microbiological quality of distributed water; and (iii) to evaluate procedures (disinfection, flushing, and pigging) as techniques for control of biofilm bacteria.
MATERIALS AND METHODS
Treatment plant and study site. The water utility examined serves 67,944 customers in 23 The study area was a small subdivision of approximately 50 homes 0.7 miles (1.1 km) from the main treatment plant (Fig. 1) . The area was serviced by 28- (22) .
Particle and biofilm analysis. Weekly, plant effluent samples were analyzed for particle-associated bacteria by the procedure of Camper et al. (5) . Filters (12-,um pore size) placed in Swin-Lok holders (Nuclepore Corp., Pleasanton, Calif.) were connected to plant effluent taps until approximately 500 to 2,000 liters were filtered. Particles were removed from the filter by shaking it in 150 ml of phosphate buffer (3) . Bacteria were released from the particle surface by homogenization at 22,000 rpm in a solution of 10-6 M Zwittergent 3-12 (Calbiochem-Behring, La Jolla, Calif.), 1 .0% peptone, 10-3 M ethylene glycol-bis(P-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), and 10-2 M Tris buffer (pH 7.0) for 2 min at 4°C. This method was found to be 80 to 90% effective for desorption of bacteria from the surfaces of carbon particles (5) .
A variety of materials and surfaces from the distribution system were also analyzed for attached bacteria. Floc material and sediment samples were collected from the Wellington Drive distribution main by flushing the pipe at a rate of 5 feet/s (152 cm/s) for five pipe volumes (16, 000 gallons [60,560 liters]). Floc material was collected in a 25-liter carboy 30 s after the hydrant was opened. Sediment was collected during the flushing operation by attaching nylon netting (approximately 300-,um pore size) to the hydrant nozzle. Tubercles and material scraped from the distribution main surface during the mechanical cleaning (pigging) operation were collected by attaching nylon netting over the pipe opening through which the poly-pigs exited. Pipe surfaces exposed when the pipe section was cut open were scraped with a sterile spatula, and the material was weighed and homogenized. Pipe coupons were collected immediately after tapping and kept moist with sterile Standard Methods phosphate buffer and by wrapping the coupon in plastic wrap during overnight transit to the laboratory. Before shipping, the exterior of the coupon was washed and disinfected with 70% ethanol. Hard sediment and tubercles were first crushed with a mortar and pestle and then homogenized. Floc material recovered from the distribution system was homogenized to release any aggregated bacteria. For all particulate samples, coliform bacteria were enumerated by the five-tube most-probable-number procedure, while HPC bacteria were enumerated with R2A agar as described above.
Organic carbon analyses. Total soluble organic carbon (TOC) was analyzed with a Barnstead TOC analyzer. Assimilable organic carbon (AOC) was determined by the methods of Van der Kooij et al. (41, 42) . AOC determinations were based on growth of Pseudomonas fluorescens (P17) and were calculated as acetate carbon equivalents according to published yield factors (42 colony morphologies observed in the drinking water samples were tested for bacteriocin production by the cross streaking procedure. HPC bacteria grown on R2A agar at room temperature for 7 days were cross streaked with strains of coliform bacteria (E. coli, K. pneumoniae, E. cloacae, Enterobacter agglomerans, and Citrobacter freundii). Care was taken not to transfer the HPC organisms during the cross streaking procedure. Plates were reincubated at room temperature and examined daily for zones of inhibition.
Scanning electron microscopy. Samples for scanning electron microscopy were fixed with cold 3% glutaraldehyde in Sorensen phosphate buffer (pH 7.0) and dehydrated in a graded ethanol series. Samples were critical point dried in a Sorvall critical point drying system and mounted on a copper support with colloidal graphite (Ted Pella, Inc., Tustin, Calif.). Samples were shadow casted with a platinum coating and examined (00 tilt, 40 keV) with a JEOL model JEM-100 CX scanning-transmission electron microscope equipped with an ASID-4D scanning attachment.
Quality control and statistical comparisons. A quality assurance program, as outlined in Standard Methods (3) and Microbiological Methods for Monitoring the Environment (4), was used throughout the course of the study. Materials used during each experiment were checked for sterility. The temperatures of autoclaves and incubators were monitored on a per-use basis.
Statistical comparisons were performed on logarithmetically transformed data by the paired t test. Regression models and correlation coefficients were determined with the Stat-Pac statistics program (Northwest Analytical, Portland, Oreg.) on a Kaypro professional computer.
RESULTS
Observations of bacteria in plant effluents and distribution system. Analysis of treatment plant effluents indicated that the plant was not the main source of coliform bacteria during this episode. The treatment plant produced water containing levels of coliform bacteria 30 times lower (0.03 CFU/100 ml) than the federal guidelines for safe drinking water. In addition, weekly high-volume (500 to 2,000 liters) particle analysis failed to detect any particle-associated coliform organisms. Examination of filter media from filter underdrains and tubercles scraped from a chain used in the clearwell similarly failed to recover coliform bacteria. While these results suggest that coliform breakthrough was not occurring at the plant, large fluctuations in some treatment parameters (pH and chlorine; Table 1) indicated that some plant processes still needed tighter control.
Coliform bacteria were detected in 193 of 500 (38.6%) distribution system samples collected during May through August 1986. The largest increase in coliform densities occurred in the 0.7-mile (1.1-km) trunk lines between the plant and the first sampling site (Fig. 2) . Finished treatment effluents contained low coliform levels (0.03 CFU/100 ml), while densities increased 20-fold at site 1(0.64 CFU/100 ml). Coliform levels declined to an average of 0.20 CFU/100 ml as the water moved through the study area (Fig. 2) Identification of 235 coliform bacteria isolated from drinking water provided a measurement of bacterial diversity within the distribution system. Diversity is a useful parameter indicative of the severity or selectivity of an environment. Results shown in Fig. 3 indicate that coliform diversity increased as water flowed from the treatment plant through the distribution system. E. agglomerans was the most predominate organism (44.2%) and was isolated at all sample locations. E. cloacae made up 24.4% of the isolates and was the only other organism to be isolated at all sample locations. Klebsiella oxytoca, the predominate organism of past coliform episodes, was isolated once from the treatment plant and only sporadically in the Wellington Drive branch. Surprisingly, E. coli (fecal coliform positive) made up nearly 6% of the isolates and occurred at the ends of the study area (Fig. 3) .
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PERCENT OF ISOLATES
Examination of HPC bacteria levels in distribution water showed a trend different from the coliform organisms (Fig.  4) . HPC densities increased as water flowed through the study area. At the end of the branch lines, HPC densities often exceeded 106 bacteria per ml. Identification of the HPC bacteria showed that Flavobacterium spp. and Pseudomonas vesicularis were the predominant organisms found in the water column. These organisms were detected in all drinking water samples, including plant effluent samples. Table 2 contains a complete summary of bacterial species found in the distribution system. This table shows that many of the bacteria found in distribution system biofilms were also detected in the water column. Of the 10 bacterial groups identified in the water column, only Pseudomonas maltophilia, Pseudomonas paucimobilis, and Micrococcuis spp. were not found in distribution system biofilms.
Statistical analyses. Analysis of the sampling data showed a number of significant statistical correlations ( Table 3 ). The strongest correlations occurred between the sample location (distance from the treatment plant) and free and total chlorine residuals. Correlation coefficients between temperature and sample phase (a measure of time or season), free and total chlorine, and m-T7 and m-Endo LES coliform counts were all >0.80. HPC bacteria were significantly correlated with sample site, free and total chlorine, temperature, pH, and turbidity determinations. No statistically significant correlations were observed between coliform bacteria (as measured by either m-T7 or m-Endo LES medium) and any of the water quality parameters measured. Apparently, the maintenance of a chlorine residual had little impact on the occurrence of coliform bacteria. Coliforms showed an insignificant but positive correlation to free (r = 0.15) and total (r = 0.16) chlorine.
Attempts were made to develop statistical models to predict the occurrence of coliform and HPC bacteria. October 1986 showed slightly different carbon levels, but a similar declining pattern as the water flowed through the study area (data not shown).
Inoculation of E. coli cells into water samples from the distribution system showed that water leaving the treatment plant and at site 1 could support limited growth of coliform bacteria but that water at site 4 contained insufficient nutrients for significant bacterial growth (Fig. 6) .
Bacteriocin analysis. Over 80 HPC bacteria representing all colony morphologies observed in the drinking water samples were tested for bacteriocin production by the cross streaking procedure. No x 107 bacteria per g. These bacteria were identified to be predominantly Arthrobacter spp. (Table 2) .
Examination of the tubercles by scanning electron microscopy showed the surface to be colonized by rod-and coccobacillus-shaped organisms ( Fig. 7A and B) . Similar observations were made by acridine orange direct microscopy (data not shown). Microcolonies of bacteria indicated that the organisms were growing on the tubercle surface. The irregular surface and the production of extracellular polymer material could protect the bacteria from disinfection.
Methods of biofilm control. (i) Disinfection. Experiments were conducted to determine whether maintenance of a free chlorine residual could control the occurrence of coliform bacteria from distribution system biofilms. Eighteen split samples collected with and without sodium thiosulfate were incubated under ambient conditions (average: turbidity, 0.81 nephelometric turbidity units; pH 8.0; temperature, 24°C) for an additional 1-h contact time. These samples contained an average 1.1-mg/liter free chlorine residual (1.2-mg/liter total chlorine) at the time of collection and retained an average 0.75-mg/liter free chlorine (0.87-mg/liter total chlorine) 1 h later. Microbiological analyses showed that coliform bacteria declined from an average of 1.0 CFU/250 ml to only 0.5 CFU/250 ml. This difference was not statistically significant (P = 0.37). Some samples showed no difference in coliform levels after the 1-h contact time. HPC bacteria showed an even smaller sensitivity to free chlorine disinfection (1.7 x 102 CFU/ml before and 1.6 x 102 CFU/ml after 1-h contact time).
(ii) Flushing and pigging. On 1 June 1986, the Wellington Drive main was flushed at a rate of 5 feet/s (152 cm/s) for five pipe volumes. Flushing the main removed sediment and floc material and introduced water with a free chlorine residual (0.7-mg/liter free; 1.0-mg/liter total). While this treatment initially reduced bacterial levels in the study area, bacteria returned to preflush levels within 1 week. Average coliform levels ( Fig. 8 ) and HPC densities (Fig. 9) at various sites in the study area were actually higher for the 4-week interval after the flushing treatment than before.
The Wellington Drive branch was mechanically cleaned (pigged) by Flow Clean Inc. (Newfane, N.Y.) on 23 June 1986 with 12 8-in. (20.3-cm) polyfoam swabs. This procedure removed 95% (dry weight) (based on pipeline scrapings before and after pigging) of the biofilm material from the distribution pipes and initially decreased bacterial levels 10,000-fold. Monitoring of the cleaned line detected coliform bacteria in the distribution system the day after pigging. Pigging did not control the occurrence of coliforms in the Wellington Drive main during the 4-week interval after treatment (Fig. 8) . HPC bacteria returned to pre-pigged levels within 1 week of treatment. Average HPC bacterial densities at various sites in the study area measured over the 4-week interval after pigging were similar to levels before treatment (Fig. 9) .
Comparison of microbiological methods. teria. Two media (m-Endo LES and m-T7 agar) were used to determine coliform densities in potable water supplies. Of 193 positive coliform samples, both media recovered coliform organisms simultaneously from 80 water samples. m-Endo LES medium recovered coliform bacteria on 25 occasions when m-T7 agar was negative, while m-T7 agar recovered coliform bacteria on 70 occasions when m-Endo LES was negative. On 18 occasions the colonies on one medium or the other were too numerous to count. Overall, m-T7 agar recovered 0.410 coliforms per 100 ml (geometric mean), while m-Endo LES agar recovered 0.329 coliforms per 100 ml. While this difference was statistically significant (P = 0.04), it also indicated a relatively low-level injury (only about 20%). Identification of bacteria recovered by both m-Endo LES and m-T7 media indicated no difference in the coliform species recovered by either technique (Fig. 10) .
(ii) HPC bacteria. Comparisons of R2A and the standard plate count media were performed on 14 distribution water samples. R2A agar incubated at 22°C for 7 days showed counts ranging from 3.2 x 102 to 1.3 x 107 bacteria per ml (geometric mean, 3.65 x 104 CFU/ml), while the standard plate count medium recovered an average of only 10 bacteria per ml (range, 0.7 to 160 CFU/ml). In one instance, R2A agar recovered 2.5 x 105 times more HPC bacteria than the standard method.
DISCUSSION
The coliform problems described in this report are not unique to the water utility examined. A report of the Committee on Water Supply to the American Public Health Association in 1930 (9) indicated that 14 cities, with an estimated population of 16 million, experienced problems with coliform occurrences. Howard (15) indicated that insufficient information was available to determine the causes of the coliform episodes in the Toronto distribution system. Recently, other water utilities have experienced similar coliform episodes (7, 10, 16, 23, 24, 29, 30, 33, 48) . The episode described in this report, however, is unique in a number of factors: (i) no coliforms (or extremely few) were detected in treatment plant effluents even when sensitive methodologies (m-T7 agar, high-volume particle analysis) were employed; (ii) high densities of coliform bacteria were observed in distribution samples ( cloacae.
Evidence for distribution system biofilms. The large increase in coliform densities in the 0.7-mile (1.1-km) trunk lines between the plant and the first sampling point (Fig. 2) could not be accounted for by growth of the bacteria in the water column. Prior computer modeling of the distribution system indicated that flow times between the plant and the first sampling location ranged between 91 and 102 min. Given this detention time, bacteria in the water column would have had to grow at a rate faster than one division every 0.5 h. This rate is not possible under the low nutrient conditions, low temperature, and high chlorine residuals found in the trunk lines. High pipeline water pressures and other operating parameters also ruled out cross connections and back siphonage as causes of the coliform episode. The most realistic explanation is that coliform bacteria must have come from biofilms in the trunk pipelines.
Measurement of bacterial diversity within the distribution system also indicated that coliform bacteria emanated from pipeline biofilms. Diversity is a useful parameter of the severity or selectivity of an environment. Data from Fig. 3 showed that the distribution system was quite hospitable to coliform organisms. Only three coliform species were identified in the first part of the distribution system (plant effluent and site 1), while 6 to 10 species were observed at the ends of the study area. For example, E. coli was isolated from sites 5 through 7 on Wellington Drive, but not at site 1 or the treatment plant effluent. In addition, E. coli with the same API profile was isolated from iron tubercles collected by pigging the Wellington Drive main.
The low level of injury (calculated as the percent difference between m-T7 and m-Endo LES media) observed in the coliform population (approximately 20%) also indicated that the distribution system biofilms were a favorable environment to coliform bacteria. Most researchers have found coliform injury in drinking water to range from 60 to 99% (20, 25) . The low level of injury reported in this study showed that the coliform bacteria experienced very little stress. LeChevallier et al. (19) reported that extracellular-polysaccharide-coated E. coli cells attached to granular activated carbon particles showed no injury even when exposed to 2.0-mg/liter free chlorine for 60 min.
Previous investigators (35) have reported that bacteria were randomly distributed along the pipeline surface, but the current study suggests that coliforms occur at specific, discrete locations (i.e., tubercles) within the distribution system. High densities of coliform bacteria were detected only in iron tubercles and not from sediments, settled floc materials, or cement-lined pipe surfaces. Victoreen (45) (46) (47) indicated that 20 mg of iron oxide (Fe2O3) per liter was necessary to stimulate coliform growth. The results of this study lend support to Victoreen's findings. Other parameters important for determining coliform colonization may include nutrient syntropy, surface roughness, protection from disinfection, and other physicochemical factors. The fact that specific mechanisms do regulate the occurrence of indicator bacteria is illustrated by the similar coliform densities in both arms of the study area (Fig. 2) . Understanding these mechanisms is necessary for the control of future coliform episodes.
Undoubtedly, the availability of AOC played a central role in the growth of microorganisms in distribution system biofilms. Results presented in Fig. 5 indicate that AOC was consumed as water moved from the treatment plant through the study area. Calculations show that sufficient carbon was utilized to support 8.0 x 104 bacteria per ml. This calculated value is close to the HPC levels observed at sites 4 and 7 (Fig. 4) Fig. 6 show that E. coli cells did not grow in water collected from site 4 (56 p.g of acetate carbon equivalents per liter). Competition between HPC and coliform bacteria for AOC was probably responsible for the decline of indicator organisms in the study area (Fig. 2) . Previous experiments have indicated that HPC bacteria are well adapted to compete with coliform organisms for low levels of nutrients (21) . Reitler (26) reported that 8 to 22% of the HPC bacteria isolated from distribution systems in southern California produced bacteriocinlike substances. Examination of 80 HPC isolates from the New Jersey distribution system failed to detect significant bacteriocin production. The reason for this discrepancy is not known but may be due to differences in HPC populations, geographic location, or sampling methodologies.
Identification of HPC bacteria from the distribution system pipeline showed unique populations of microorganisms at different locations. The bacterial groups isolated from the distribution system in New Jersey were similar to bacteria identified from other drinking water systems (22, 27, 28) . P. vesicularis and Flavobacterium spp. were the predominant microorganisms isolated from the water column, from the zinc floc material, and from pipe coupon samples (Table 3) . These bacteria may be important health hazards in hospital surgical areas, burn clinics, and nurseries (11, 13 ). In contrast, Arthrobacter spp. were the predominant isolates from sediment and tubercle biofilms. These bacteria were also recovered from pipe coupon samples and from the water column. Victoreen (44) found that Arthrobacter spp. dominated biofilms in an experimental cast iron and galvanized pipeline system. These bacteria were able to grow at low nutrient levels and were reportedly responsible for discolored water problems. Nagy and Olson (28) found that 20% of the HPC bacteria isolated from distribution system biofilms consisted of Arthrobacter spp. Apparently, strong selective factors favor the colonization of Arthrobacter spp. in distribution system biofilms. An understanding of these factors may help in the control of pipeline biofilms.
Statistical analyses of the sampling data showed that most of the water quality deterioration could be related to the dead-end sampling locations. Sample site correlated to decreased free and total chlorine residuals and increased pH and HPC bacteria levels (Table 3 ). Statistical modeling (Table 4) showed that a 1.2-mg/liter residual chlorine level is necessary to maintain HPC bacterial counts less than 100 CFU/ml. These results emphasize that water stagnation, even in short segments of the distribution system, will have profound and adverse effects on potable water quality.
The health significance of HPC and coliform bacteria growing in distribution biofilms is an important problem to water utilities since these bacteria mask the presence of indicator organisms resulting from a true breakdown of treatment barriers. The detection of fecal coliform-positive E. coli cells growing in distribution system biofilms further confuses the situation. Olson (31) also reported isolating E. coli from pipeline biofilms. It is not possible at this time to discount completely the health significance of total and fecal coliforms originating from distribution system biofilms. Camper et al. (6) indicated that enteric pathogens may persist and grow, under certain circumstances, in biofilms on granular activated carbon. Questions remain whether low levels of pathogenic microorganisms can similarly colonize and grow in distribution system biofilms. Clearly, maximum effort should continue to control the growth of coliform bacteria in distribution system biofilms.
Control of distribution system biofilms. Results (12, 33) . Mechanisms by which bacteria are resistant to disinfection include attachment to particles, formation of aggregates, and capsule production (18, 19, 33, 35) . The results of this study indicate that microorganisms may be released from pipe surfaces, be resistant to disinfection, and be transported to other parts of the distribution system. A problem originating in distribution trunk lines can account for system-wide coliform occurrences. Characklis et al. (8) indicated that bacterial growth in distribution lines may occur very close to the treatment plant. These observations are consistent with results from a coliform incident in Indiana (10) . In that incident and another in Indiana, disinfectant residuals were boosted as high as 15 mg of chlorine per liter (10, 23) . Officials at the utility in New Jersey were reluctant to follow this protocol because of probable taste and odor complaints and trihalomethane considerations.
Since coliform bacteria were thought to have originated in the 12-and 30-in. (30-and 76-cm) trunk lines (Fig. 2) , flushing or mechanically scraping (pigging) the study area did not control coliform occurrences in that section ( Fig. 8 and  9 ). Flushing did remove accumulated sediment and zinc floc material containing high bacterial densities (i.e., 16 Furthermore, the results indicated that maintenance of a free chlorine residual was insufficient to control coliform occurrences. Further research is necessary to find ways to control the growth of coliform bacteria in potable water supplies and to improve disinfection of distribution system biofilms.
